Cleft lip and palate (CLP) affects the dentoalveolar and nasolabial facial regions. Internal and external nasal dysmorphology may persist in individuals born with CLP despite surgical interventions. 7-18 year old individuals born with unilateral and bilateral CLP (n 5 50) were retrospectively assessed using cone beam computed tomography. Anterior, middle, and posterior nasal airway volumes were measured on each facial side. Septal deviation was measured at the anterior and posterior nasal spine, and the midpoint between these two locations. Data were evaluated using principal components analysis (PCA), multivariate analysis of variance (MAN-OVA), and post-hoc ANOVA tests. PCA results show partial separation in high dimensional space along PC1 (48.5% variance) based on age groups and partial separation along PC2 (29.8% variance) based on CLP type and septal deviation patterns. MANOVA results indicate that age (P 5 0.007) and CLP type (P 0.001) significantly affect nasal airway volume and septal deviation. ANOVA results indicate that anterior nasal volume is significantly affected by age (P 0.001), whereas septal deviation patterns are significantly affected by CLP type (P 0.001). Age and CLP type affect nasal airway volume and septal deviation patterns. Nasal airway volumes tend to be reduced on the clefted sides of the face relative to non-clefted sides of the face. Nasal airway volumes tend to strongly increase with age, whereas septal deviation values tend to increase only slightly with age. These results suggest that functional nasal breathing may be impaired in individuals born with the unilateral and bilateral CLP deformity. Clin. Anat. 00:000-000,
INTRODUCTION
Human faces are highly variable and distinctive due to factors such as ethnic background, genetic makeup, environmental influences, age, sex, body weight, and the presence or absence of congenital anomalies (Farkas et al., 1992; Ferrario et al., 1998; Starbuck and Ward, 2007; Klimentidis and Shriver, 2009) . Facial morphogenesis follows an embryonic blueprint or 'bauplan' whereby the frontal, nasal, maxillary, and mandibular facial prominences are guided by spatiotemporal and morphogenetic developmental mechanisms to form, grow, and fuse in a highly coordinated fashion to ultimately produce a normal, functional facial complex (Brugmann et al., 2006; Jiang et al., 2006; Feng et al., 2009 ). Deviation of craniofacial prominences from this facial arrangement due to genetic, environmental, and developmental perturbations is selected against due to the increased probability of the formation of congenital facial anomalies and spontaneous abortion (Young et al., 2014) . The development, growth, and fusion of each individual craniofacial prominence is affected by specific combinations of protein coding genes, gene copy number variation, and regulatory enhancers (Attanasio et al., 2013) . When craniofacial prominences fail to fuse correctly a large gap or "cleft" between facial elements can arise or entire facial regions can be missing (Young et al., 2000) .
Cleft lip and palate (CLP) is a relatively common unilateral or bilateral congenital facial deformity that occurs during facial morphogenesis when the nasal and maxillary facial prominences fail to fuse correctly around the 36th or 37th day of gestation (Thomason and Dixon, 2009; Weinberg et al., 2009; Lee et al., 2012; Marazita, 2012; Choi et al., 2013) . CLP has been found in ancient populations and has likely occurred throughout human existence (Gregg et al., 1981) . CLP can impair breathing, swallowing, and mastication (Bugaighis et al., 2013) . Facial traits typically associated with CLP include a clefted lip and palate, midfacial hypoplasia, a deviated anterior nasal spine, a distorted nasal septum, reduced nasal chamber width, an inferiorly positioned nasal border, and asymmetry of the maxilla, mandible, and nasolabial regions of the face (Harvold, 1953; Molsted and Dahl, 1990; Ras et al., 1994; Ras et al., 1995; Son, 1995; Kolbenstvedt et al., 2002; Suri et al., 2008; Jena et al., 2011; Agarwal et al., 2012; Bell et al., 2013; Bugaighis et al., 2013; Choi et al., 2013; Freeman et al., 2013; Hasanzadeh et al., 2014) . Surgical repair of the primary cutaneous upper lip is usually carried out around 2-3 months of age, whereas surgical repair of the hard palate is generally carried out around 6-12 months of age (Kolbenstvedt et al., 2002; Marazita, 2012) . Some individuals born with CLP require an alveolar bone graft during the mixed dentition stage of growth (7-11 years) to provide bone tissue for the clefted dentoalveolus to unite the maxillary segments and provide skeletal support for canine eruption (Kolbenstvedt et al., 2002; TrindadeSuedam et al., 2012) . Individuals with CLP commonly have septal deviation due to (1) unilateral attachment of the orbicularis oris to the anterior caudal septum on the non-affected side, (2) unilateral attachment of the vomer secondary to clefting of the hard palate, (3) lateral deviation of the lower and middle vault secondary to unopposed action of the zygomaticus major and minor on the alar base, and (4) compounded scoliosis of the septum, lower and middle vault secondary to deviation of the greater and lesser segments of the alveolus (Hall and Precious, 2012) . Surgically repaired faces often exhibit iatrogenic scarring and facial asymmetries that contribute to stigmata (SeidenstrickerKink et al., 2008; Choi et al., 2013; Freeman et al., 2013) .
Cone beam computed tomography (CBCT) high resolution three-dimensional images can be quickly acquired with low radiation doses and are a useful diagnostic tool for measuring craniofacial variation (Tso et al., 2009; Schendel and Hatcher, 2010; Trindade-Suedam et al., 2012) . CBCT images and appropriate imaging software hold many advantages over traditional two-dimensional cephalograms because they allow three-dimensional measurement of anatomical landmarks, linear distances, angles, cross-sectional surface areas, and volumes at virtually any location within the craniofacial complex (Aboudara et al., 2009; Lenza et al., 2010; Ghoneima and Kula, 2013) . Thus, CBCT images are useful for assessing craniofacial (dys)morphology, growth, impacted teeth, facial trauma, treatment algorithms, and bone graft outcomes (Suri et al., 2008) .
The purpose of this retrospective cross-sectional study is to use 3D CBCT images to assess nasal airway volumes and septal deviation in individuals born with unilateral (i.e., right or left) or bilateral CLP. It is hypothesized that nasal airways and nasal septa will exhibit morphometric differences related to laterality and CLP type.
MATERIALS AND METHODS
CBCT images (13 cm field of view, 8.9 second scan time, 0.3 or 0.4 mm voxel size, i-Cat machine, Imaging Sciences International LLC, Hatfield, PA) were obtained for this retrospective, cross-sectional study from the Indiana University School of Dentistry (IRB approval from the Indiana University Human Subjects Office, study # 1210009813). A single CBCT image of each individual was acquired to minimized unnecessary radiation exposure. Inclusion criteria required children to be born with Veau Class III unilateral cleft lip and palate (UCLP) or Veau Class IV bilateral cleft lip and palate (BCLP) that was subsequently surgically repaired. Veau Class III and IV patients exhibit clefting of both the soft-and hard-tissues of the lip and palate, respectively. Based on these criteria (Table 1) 50 children were included in this study (left UCLP n 5 21, right UCLP n 5 8, BCLP n 5 21). UCLP samples are skewed towards the left side because UCLP often exhibits a laterality preference for the left side of the face (Carroll and Mossey, 2012) . Due to limitations of sample size no attempt was made to control for ancestry; however, the majority of the sample was Caucasian. Approximately 56% of these individuals previously had a primary alveolar bone graft as part of their surgical treatment algorithm. For the purposes of analysis the overall sample was divided into subsamples based on CLP type (left unilateral, right unilateral, or bilateral), age, age groups (7-9 years, 10-12 years, 13-18 years), sex (male or female), and whether individuals were previously treated with an alveolar bone graft (yes or no).
Coded CBCT images were analyzed using 3D Dolphin Imaging software (v11.5; Chatsworth, CA) and semiautomatic segmentation by the same individual (JMS) on the same computer and monitor. Orientation was standardized three-dimensionally using an orientation module in Dolphin software that positioned CBCT images in lateral view by passing a line through orbitale and porion, and in frontal view by passing a line through nasion and menton to establish the midline plane. Anatomical and constructed landmarks (Table 2) were identified on the midline sagittal CBCT image slice (Figs. 1A and 1B) to segment nasal airway sagittal boundaries and to locate the anterior nasal spine (ANS), posterior nasal spine (PNS), and midpoint of the anterior and posterior nasal spine (MNS) (Fig. 1C) . Additional nasal airway boundaries were placed in coronal view (Figs. 1D and 1E) by locating crista gali and outlining nasal airway anatomy on the CBCT slice with largest nasal airway cross-sectional surface area (Fig. 1F) . Dolphin software then automatically calculated anterior, middle, and posterior nasal airway volumes (sensitivity setting 60) for the right and left sides of the nasal airways using sagittal and coronal boundaries of the soft-and hard-tissue anatomy of the craniofacial complex (Table 3) . Previous investigations have found that volumetric measurements from Dolphin software to be accurate and reliable (Weissheimer et al., 2012) . Septal deviation was measured from CBCT slices at the level of the ANS, PNS, and the midpoint between ANS and PNS by passing a perpendicular midline through crista gali to the palatal plane in coronal view and measuring the longest distance drawn perpendicular from the midline to the deviated segment of the septum in coronal view (Table 3 , Fig. 1G ). Septal deviation values were recorded as negative or positive depending on whether deviation was to the right or left of the midline, respectively.
All statistical testing was conducted using Minitab (v.16.1.0) or SPSS (v.20.0.0.1). To assess repeatability, volumetric and linear measurements were recorded from 10 randomly chosen coded images on two separate occasions with order randomized and at least 24 hrs. between each measurement session to avoid memory bias. The intra-class correlation (ICC) coefficient was calculated to assess intra-observer reliability across two repeatability trials and considered acceptable if r 0.90 . The technical error of measurement (TEM) was calculated for each permutation of measurement error trials to assess intra-observer error using the following
, where D was equal to the difference of measured values between two trials and N was equal to the number of individuals measured (Simpson and Henneberg, 2002) . TEM was considered acceptable when the TEM value for each measurement was 5% of the mean value for that particular measurement.
After assessing reliability and TEM, nasal airway and septal deviation measurements were collected from each CBCT image with at least 24 hrs. between each measurement session. An ordination of the pooled samples was carried out using principal components analysis (PCA). PCA graphs were generated to explore patterns of multivariate variation within the data associated with CLP type (i.e., left unilateral, right unilateral, or bilateral), age groups (i.e., 7-9 years, 10-12 years, 13-18 years), voxel size (0.3 mm or 0.4 mm), sex (i.e., male or female), and whether individuals had previously received an alveolar bone graft as part of their treatment plan (i.e., yes or no). Additionally, volumetric and linear data were analyzed using a multivariate analysis of variance (MANOVA) followed by separate post-hoc ANOVA tests for independent variables showing significant effects on the dependent variables. MANOVA was used to assess the null hypothesis of the equality of multiple averages and to determine whether one or more independent variables have a significant effect on two or more dependent variables. MANOVA is capable of detecting statistical differences that may not be discovered when only using univariate statistics. The independent variables used in the MANOVA analysis were CLP type (i.e., left unilateral, right unilateral, or of the apex nasi 3. Anterior nasal spine (ANS): the anterior most pointed projection of the intermaxillary suture 4. Midpoint nasal spine (MNS): midpoint of straight line whose end points are anterior nasal spine and posterior nasal spine 5. Intersection of rh-s and perpendicular line through MNS: this landmark lies on a line drawn through rhinion and sella and is found by drawing a line through MNS that is at a right angle to the line formed by ANS-PNS 6. Posterior nasal spine (PNS): the sharp posterior extremity of the nasal crest 7. Intersection of rh-s and perpendicular line through PNS: this landmark lies on a line drawn through rhinion and sella and is found by drawing a line through PNS that is at a right angle to the line formed by ANS-PNS 8. Sella turcica (s): midpoint of the depression atop the sphenoid where the pituitary gland is situated, posterior and inferior to the optic canals bilateral), age, sex (i.e., male or female), and alveolar bone graft status (i.e., yes or no). Post-hoc ANOVA tests were carried out to determine which volumetric or linear measures were significantly affected by independent variables shown to be significant by the MAN-OVA. Statistical significance was initially set at P 0.05, but lowered to P 0.016 after a Bonferonni adjustment for three tests (one MANOVA and two ANOVAs).
RESULTS
Intra-examiner reliability as assessed by ICC was high (r 5 0.98) and indicated that volumetric and linear measurements were strongly reliable. Mean TEM for each measurement is listed in Table 4 and adequately low for all volumetric and linear measurements. Raw TEM values were higher for volumetric values since these measurements are calculated in cubic millimeters (mm 3 ) and, therefore, expected to have higher variances as compared to septal deviation measurements that were collected as linear distances in millimeters (mm). Mean nasal volume and septal deviation values were divided by age groups and cleft type (Table 4) . Unilateral CLP nasal volumes tend to be reduced on the clefted side of the face (Table 4) .
A PCA for the entire pooled sample of right unilateral, left unilateral, and bilateral CLP individuals of all ages revealed that axes 1 and 2 together explain 78.3% of the variance in the samples. Individuals partially separate based on age groups along PCA axis 1 (Fig. 2A) , which explains 48.5% of variance in the samples. Nasal volume measurements are weighted more heavily than septal deviation measurements along axis 1 due to increases in nasal airway volume (and therefore size) as individuals age ( Fig. 2A) . Unilateral CLP individuals separate based on cleft type along axis 2 (Fig. 2B) , which explains 29.82% of variance in the samples. Bilateral CLP individuals overlap with both unilateral CLP samples along axis 2. All three septal deviation measurements were weighted more heavily than volumetric measures along axis 2. Septa tend to deviate towards the clefted side of the face in unilateral CLP individuals (Choi et al., 2013) , but deviate to either side in bilateral CLP individuals (Fig. 2B) . This explains why unilateral CLP samples separate along axis 2 and why the bilateral CLP overlaps with both unilateral CLP samples. Additional PCA plots of axis 1 and 2 revealed no separation of individuals based on voxel size, sex, or bone graft status.
Scatterplots and regression lines were generated for nasal airway volume and septal deviation measures (Fig. 3) . Airway volume increases with age in the anterior, middle, and posterior regions of the nasal airway (Figs. 3A and 3B ). Septal deviation remains consistent at MNS and increases slightly with age at ANS and PNS (Fig. 3C ) with maximal septal deviation occurring at PNS at the time of full facial maturity (Friel et al., 2013) . A MANOVA revealed a significant multivariate main effect for CLP type (P 0.001) and age (P 5 0.007) ( Table 5) . These results confirm the hypothesis that CLP type (i.e. right unilateral, left unilateral, and bilateral) and age have significant effects on nasal airway volume and septal deviation values. Given the significance of the overall MANOVA test, the univariate main effects were examined with post-hoc ANOVA tests. Significant univariate main effects for age were obtained for right anterior nasal volume (P 0.001) and left anterior nasal volume (P 0.001), whereas left posterior nasal volume (P 5 0.048) and septal deviation at MNS (P 5 0.04) only approached significance after a Bonferonni adjustment to a 0.016 (Table 5) . Significant univariate main effects for cleft type were obtained for septal deviation at ANS (P 0.01), septal deviation at MNS (P 0.01), septal deviation at PNS (P 0.01), and right posterior nasal volume (P 5 0.014), whereas right middle nasal volume (P 5 0.04) only approached significance after a Bonferonni correction (Table 5) .
DISCUSSION
CLP is associated with a variety of anatomical and physiological craniofacial impairments, including nasal airway obstruction (Suzuki et al., 1999) . The multivariate relationships between age, CLP types (i.e., unilateral and bilateral), nasal airway volume, and septal deviation laterality have rarely been investigated. Recent advances in three-dimensional (3D) imaging such as the development of CBCT and 3D visualization software allow researchers to quantitatively measure virtually any aspect of the craniofacial complex (Suri et al., 2008; Ghoneima and Kula, 2013) .
A PCA was carried out as an ordination method to explore multivariate patterns of variation in highdimensional space (Fig. 2) . Principal component axis 1 (PC1) explains 48.5% of the variance in pooled CLP samples. CLP individuals partially separate along PC1 based on the following age groupings: (a) 7-9 years, (b) 10-12 years, and (c) 13-18 years. Nasal volume measurements are most heavily weighted along PC1. Taken together, this evidence suggests that both internal and external nasal airway volumes tend to increase in individuals born with CLP and therefore, nasal airway obstruction may be reduced as faces develop and mature.
Principal component axis 2 (PC2) explains 29.8% of variance in pooled CLP samples. Individuals born The sagittal boundary was placed as seen in Figure 1B using landmarks 1, 2, and 3. The coronal view was placed by placing a point at crista gali and following the anatomical boundaries of the nasal septum and nasal borders. For all volume measurements, after boundaries were defined Dolphin software was used to automatically calculate volume in mm 3
Middle nasal airway (L and R)
The sagittal boundary was placed as seen in Figure 1B using landmarks 1, 3, 4 , and 5. The coronal view was placed by placing a point at crista gali and following the anatomical boundaries of the nasal septum and nasal borders. Volume was calculated in mm 3 Posterior nasal airway (L and R)
The sagittal boundary was placed as seen in Figure 1B using landmarks 4, 5, 6, and 7. The coronal view was placed by placing a point at crista gali and following the anatomical boundaries of the nasal septum and nasal borders. Volume was calculated in mm 3 Linear distances Septal deviation at anterior nasal spine (L or R)
The coronal CBCT slice to measure was determined by locating the anterior nasal spine in sagittal view as shown in Figure 1C and switching to the coronal CBCT slice containing this anatomical location. In coronal view the deviation of the septum to the midline was measured in mm using a horizontal linear distance as depicted in Figure 1G . For all septal deviation measures, the midline was defined when image orientation was standardized in Dolphin by passing a midline through nasion and menton Septal deviation at midpoint of anterior and posterior nasal spine (L or R)
The coronal CBCT slice to measure was determined by locating the midpoint of the anterior nasal spine and posterior nasal spine in sagittal view as shown in Figure 1C and switching to the coronal CBCT slice containing this anatomical location. In coronal view the deviation of the septum to the midline was measured in mm using a horizontal linear distance as depicted in Figure The coronal CBCT slice to measure was determined by locating the posterior nasal spine in sagittal view as shown in Figure 1C and switching to the coronal CBCT slice containing this anatomical location. In coronal view the deviation of the septum to the midline was measured in mm using a horizontal linear distance as depicted in Figure 1G Landmark definitions are provided in Table 2 .
Nasal Airway and Septal Variationwith unilateral CLP completely separate along this axis, while individuals born with bilateral CLP overlap with both unilateral CLP samples. All three measures of maximum septal deviation (i.e., at ANS, MNS, and PNS) are weighted most heavily along axis 2. This result is likely due to the fact that septal deviation values were recorded as negative or positive values depending on whether they deviated towards the right or left side, respectively. We found that septa typically deviate towards the affected side in UCLP. Nasal septa Fig. 2 . Principal components analysis (PCA) results. A Principal component axis 1 (PC1) explains 48.5% of the variance among samples. Anterior, middle, and posterior nasal airway volume measures are loaded heavily along PC1, and samples partially separate based on 7-9 years (solid lines), 10-12 years (dotted lines), and 13-18 years (dashed lines) age groupings. Lateral nasal airway reconstructions are depicted for younger and older extremes to illustrate variation across age groups. Anterior nasal airway reconstructions are depicted to illustrate variation across cleft lip and palate (CLP) types (i.e., right unilateral, left unilateral, bilateral). B Samples separate based on CLP type along PC2, which explains 29.8% of the variance among samples. Nasal septa tend to deviate towards the clefted side of the face in unilateral CLP individuals, and deviate in either direction in bilateral CLP individuals. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. com.] deviate toward either the right or left side in individuals born with BCLP, and this is why the bilateral CLP sample overlaps with both unilateral CLP samples along PC2. These results indicate that nasal septa deviation is strongly associated with CLP type and support previous observations that septa deviate towards the clefted side of the face in individuals born with UCLP (Molsted and Dahl, 1990; Kolbenstvedt et al., 2002; Suri et al., 2008; Carroll and Mossey, 2012) .
Although 56% of individuals included in this study had previously been treated with alveolar bone grafts, a MANOVA test for the effects of this treatment failed to reach statistical significance. MANOVA testing for effects based on sex also failed to reach statistical significance; however, approximately half of the children included in this study were likely pre-pubescent and, therefore, had not yet developed sexually dimorphic characteristics associated with puberty.
Anterior, middle, and nasal airway volumes tend to be reduced on the clefted side of the face of individuals born with UCLP (Table 4) . Scatterplots and regression lines indicate that nasal airway volume tends to greatly increase as faces grow whereas septal deviation measurements change slightly (Fig. 3) . It is notable that the most deviated area of the nasal septum at the time of facial maturity is at the PNS, an area commonly overlooked by rhinoplasty surgeons when correcting septal deviation (Friel et al., 2013) . MAN-OVA results indicate that age (P 5 0.007) and CLP type (i.e., right unilateral, left unilateral, and bilateral; P 0.001) significantly affect nasal airway volume and septal deviation values (Table 5) . ANOVA results indicate that measurements affected by age include right and left anterior nasal volume, left posterior nasal volume, and septal deviation at MNS. However, only anterior nasal volume measures remain significant (P 0.001) after a correction for multiple tests (Table  5) . Taken together, these results suggest that anterior nasal growth increases volume of the nasal airway significantly as faces affected by CLP mature. This result is supported by a previous investigation where nasal airway volume was found to scale isometrically (i.e., positively covaries) with facial size (Butaric et al., 2010) and another investigation which found that nasal growth velocity is maximized around 11-13 years of age although nasal growth continues as faces mature (van der Heijden et al., 2008) .
Additionally, ANOVA results indicate that measurements affected by CLP type include right middle and right posterior nasal volume, and septal deviation at ANS, MNS, and PNS. After Bonferonni correction, only septal deviation at ANS (P 0.001), MNS (P 0.001), and PNS (P 0.001) remain significant (Table 5 ). The absolute amount of septal deviation is similar across individuals born with UCLP and BCLP (Table 4) .
One function of the nasal complex is to adjust the temperature and humidity of respired air, which protects the alveolar membranes from thermal injury and keeps the nasal membrane wet to facilitate oxygen absorption and carbon dioxide excretion (Yokley, 2009) . Individuals born with CLP often suffer from nasal airway obstruction, deviated nasal septa, turbinate hypertrophy, rhinosinusitis, and external nasal deformities, and all of these factors can impair nasal respiration (Suzuki et al., 1999) . In biomechanical terms, the nasal septum and walls of the nasal cavity have been described as framing elements that are adapted to the mechanical and functional demands of the craniofacial complex by functioning to resist masticatory forces transmitted through the dentition to the palate and maxilla (Badoux, 1966) . It has been argued that nasal airway shape is a response to respiratory demands because nasal turbinate size covaries with nasal airway shape even when nasal airways are reduced due to congenital anomalies (Chierici et al., 1973b ).
Although we found reduced nasal airway volumes and nasal septa deviation patterns specific to CLP type (i.e., left unilateral, right unilateral, bilateral), it is not possible to determine if these craniofacial dysmorphologies occurred due to inadequate spatiotemporal and morphogenetic developmental mechanisms or if these dysmorphologies are simply developmentally plastic adaptational responses to abnormal structures derived from perturbed morphogenetic developmental events (Harvold, 1953; Chierici et al., 1973a; Molsted and Dahl, 1990) . However, reduced airway size on the clefted side of the face suggests that functional nasal breathing may be impaired in individuals born with CLP despite multiple surgeries aimed at aesthetic restoration of soft-tissue facial features. Additionally, traditional septoplasty only addresses the cartilaginous septum, which only encompasses the anterior half of the nasal septum. In order to provide complete restoration to nasal airflow, septal surgery should also include restoration of the posterior septum, an area comprised mostly of bone (Friel et al., 2013) .
We note that although we have found significant changes in nasal airway volume and septal deviation in patients with CLP, we have not correlated these findings with a functional analysis of airflow. The direct effects of these anatomic findings on nasal airflow will be the topic of future studies. Furthermore, all patients in this study had CLP. It is certainly possible that patients with cleft lip only and an intact hard palate may exhibit different patterns of nasal airway and septal deviation and, thus, our findings should be limited to the CLP population.
Previous investigations have suggested that bony septum deviation may be a response to maxillary sinus deformation (Chierici et al., 1973a, b) ; however, these studies were carried out using 2D cephalograms and therefore unable to truly quantify the three-dimensional relationship between maxillary sinus volume and septal deviation. Thus, future research should assess the maxillary sinuses of individuals born with CLP using 3D imaging to determine the associations between maxillary pneumatization, CLP, and septal deviation.
